Introduction
Aortic stenosis (AS) is the commonest valvular disease in developed countries. 1 Its prevalence is expected to markedly increase with the increasing population age. 2 Current guidelines recommend surgery in patients with severe AS when symptoms are present and in asymptomatic patients who exhibit an abnormal exercise test. 3 The occurrence of decreased left ventricular (LV) ejection fraction (EF < 50%) is also a classic indication for surgery, 3 but this decrease in radial LV contractility appears later in the natural history of the disease. 4 Many recent studies have shown that a decrease in myocardial contractility of longitudinal fibres appeared earlier, and could be detected in many patients with AS, [4] [5] [6] when their LVEF is still normal. This 'longitudinal dysfunction' can be evaluated by the study of myocardial deformation in the two-dimensional (2D) strain analysis, however the prognostic value is still debated. Indeed LV global (G) longitudinal strain (LS) is not yet part of the current guidelines 3 ; especially because the difficulty to apply in the daily routine the measure of the GLS.
We investigated in the present study the association with outcome of the apical four-chamber (A4-C) LS, in a large cohort of AS with preserved EF, in the context of routine clinical practice.
The aims of this analysis are nine-fold: (i) to establish the relation between A4-C LS and outcome in patients with AS and especially when consider flow/gradient classification; (ii) to determine a cut-off value of strain which is associated with bad outcome; and (iii) to compare the value and the applicability of GLS and A4-C LS, and to assess the A4-C LS according to the severity of AS and in the different subgroups of severe AS and particularly in patients with standard normal flow/high gradient severe AS.
Methods

Study design
From 2007 to 2014, consecutive patients > _18 years diagnosed with moderate or severe AS and preserved EF who were prospectively identified in three tertiary centres (Amiens, Marseille and Rennes) were included in an electronic database. The present study was not a pre-specified analysis at the time of the set-up of the database and this study should thus be considered as a retrospective analysis. The following patients were excluded: patients with prosthetic valves, more than mild aortic and/or mitral regurgitation, congenital heart disease (except patient with bicuspid aortic valve), supravalvular or subvalvular AS or dynamic LV outflow tract obstruction, depressed LVEF < 50%, LV wall motion abnormality, and patients who declined participation into the study.
Patients were classified according to aortic valve area (AVA) into:
• Moderate AS (AVA: 1-1.5 cm 
Clinical data
Clinical data were entered into the electronic database; including age, sex, height, weight, history of diabetes mellitus (fasting blood glucose >126 mg/dL on two occasions or patients currently receiving treatment for diabetes mellitus), hypertension (blood pressure > _140/ 90 mmHg or patients receiving antihypertensive drugs), dyslipidaemia (total cholesterol >190 mg/dL or patients receiving lipid lowering agents), smoking, and atrial fibrillation (AF).
The symptomatic status was evaluated by the presence of a history of cardiac symptoms, including angina, dyspnoea (New York Heart Association > _ II), syncope, presyncope, or congestive heart failure reported at the time of the initial clinical and echocardiographic evaluations.
Echocardiographic data
All patients underwent a comprehensive and complete Doppler echocardiographic study, using commercially available ultrasound systems. Conventional 2D echocardiography was performed using commercially available equipment (Vivid-7 or 9, General Electric Medical Systems, Horten, Norway). Data were acquired with a M3S 3.5 MHz transducer. Doppler data were stored on a dedicated workstation for off-line analysis (EchoPAC, GE Healthcare, Horten, Norway). MG and valve aortic velocity were recorded using continuous wave Doppler in several acoustic windows (apical five-chamber view, right parasternal, suprasternal, epigastric). AVA was calculated by the continuity equation and indexed for body surface area. SV was calculated by multiplying the area of the LV outflow tract by the outflow tract time-velocity integral. When patients were in sinus rhythm, three cardiac cycles were averaged for all measures. For patients in AF, five cardiac cycles were averaged. EF was calculated using Simpson's biplane method. LV mass was estimated by the formula on the basis of linear measurements and indexed for body surface area. The value of early mitral inflow peak velocity (E) and A wave velocity was taken by placing sample volume at the opening level of the mitral valve leaflet tips based on the pulse wave Doppler method. Left atrial volume was calculated by biplane method using the left atrial areas and lengths measured from both the apical four-and two-chamber views. Systolic pulmonary arterial pressures (SPAP) were measured by the Bernoulli's equation applied to the peak of velocity of the tricuspid regurgitation.
Strain measurements
2D strain quantification was performed offline by using commercially available software (EchoPAC, GE Healthcare). Apical four-, two-, and three-chamber views were recorded to calculate GLS, or in four-and two-chamber views when three-chamber view was inadequate for LS assessment. A line was traced along the inner border of the endocardium of the LV on an end-systolic frame, as already reported. 7 When inadequate view or image quality, or when at least one segment of the apical two-or three-chamber was not correctly visualized; we used only the A4-C LS for the assessment of the 2D longitudinal strain. Because recent study did not report difference in circumferential or radial strain analysis, only longitudinal strain was studied. 8 Two observers independently measured 30 A4-C LS to assess inter-operator variability. These same 30 A4-C LS studies were re-examined by one observer apart to determine intra-operator variability.
Clinical decision and follow-up
After the initial evaluation or during the follow-up, indication for surgery or transcatheter aortic valve implantation (TAVI) was based on current guidelines and recommendations, and discussed among the 'Heart Team' and the personal physician of each patient. 3 The study end point was overall mortality after diagnosis starting at the baseline echocardiography and was analysed with respect to the need of surgery or TAVI or not. Information on follow-up and outcome was obtained retrospectively by 
Statistical analysis
Data are presented as mean ± standard deviation if normally distributed or as median and interquartile range if not normally distributed. Categorical variables are given as frequencies and percentages. Spearman's rank correlation coefficient was used to assess the correlation between the A4-C LS and GLS measured in the three apical views (four-, two-, and three-chambers) and in the four-and two-chambers apical views. Bland-Altman analysis was used to determine the mean bias and 95% limits between A4-C LS and GLS. Box plots with the maximum, the upper quartile, the median, the lower quartile and the minimum were used to represent the A4-C LS results for all groups of AS. The relation between the different groups of patients was studied by t tests (for normally distributed variables). Pearson's v 2 statistic or Fisher's exact test were used to examine the relation between the different groups for baseline categorical variables. The cut-off value of the A4-C LS associated with the 2-year overall mortality rate was determined in receiver operating characteristic curve analysis to minimize both the number of false positive and false negative findings. Survival rates ± 1 standard error of the different groups were estimated according to the Kaplan-Meier method and compared by two-sided log-rank tests. To confirm the group of patients with worse outcomes, the Kaplan-Meier method was also studied for the repartition in tertile of A4-C LS. Multivariate analysis of overall mortality was performed using Cox proportional hazards models.
Only the covariates with a P-value < _ 0.1 in univariate analysis or those considered previously to have a potential association with prognosis were entered: age, symptoms at baseline, surgery or TAVI, LVEF, AVA, valve aortic velocity, E/A ratio (>1), SPAP (>50 mmHg) and the cut-off value of A4-C GLS (<j13.75j) determined before. For the intra-and inter-variability tests of A4-C GLS measurements, we used the intra-class correlation coefficient and Bland-Altman analysis was performed to evaluate the agreement. Statistical significance was determined at the 5% level. Statistical analyses were conducted using IBM SPSS Statistics 20.0 (IBM Inc., New York, NY, USA) and JMP V.13 (SAS, Cary, NC, USA).
Results
Baseline characteristics
The baseline demographic and clinical characteristics of the 582 patients with AS are displayed in 
. Patients with moderate AS were younger, more often women, presented with higher incidence of AF, were less symptomatic and underwent surgery less frequently during the follow-up. Among the patients with severe AS, patients with LF AS presented with a higher incidence of AF (19.4% vs. 6 .4%; P = 0.005), than patients with a NF. Patients with LG AS underwent surgery or TAVI less frequently (55.9% vs. 73%, P = 0.001) than patients with HG AS. 
Longitudinal strain analysis according to the AS subgroups
All the 582 patients presented with a satisfactory A4-C view allowing correct visualization of all segments. Consequently, A4-C LS could be performed in all patients, while GLS in the three apical views and GLS in two apical (four-and two-chamber) views could be correctly performed in only 315 and 328 patients respectively. However, in these 315 patients, the values of the GLS in the three apical views and the A4-C LS were not significantly different (-16.1 ± 4.1 vs. -16 ± 4.2%, P = NS) and a high Spearman's coefficients was achieved (q = 0.9). The Bland-Altman analysis showed a mean bias of -0.09% and 95% limits of -3.6 to 3.4%. Concerning the comparison between GLS in two apical views (four-and two-chamber) and A4-C LS, no significant difference was found (-16.0 ± 4.2% and -16.1 ± 4.1% respectively, P = NS) and Spearman's coefficient remained high (q 0.9). The Bland-Altman analysis showed a mean bias of -0.2 and 95% limits of -3.3 to 3.0%. Figure 2 shows a significant stepwise impairment in longitudinal function according to the type of AS (moderate, NF/HG, NF/LG, LF/ HG, LF/LG). A4-C LS was more impaired in patients with severe AS and LF than those with NF (-14.2 vs. -15.8%, P = 0.001), and patients with LF/HG had a more impaired A4-C LS than those with NF/HG (P < 0.001). Otherwise A-4C LS was more impaired in patients with NF/LG than those with moderate AS (P = 0.003). The presence of symptoms at baseline was not correlated with a more impaired longitudinal strain (-15.5 vs. -15.9% in patients with and without symptoms at baseline, respectively (P = 0.27)).
Variability of A4-C LS measurements
The intra-class correlation coefficient was 0.95 (IC 95%: 0.9-0.98) for the intra-operator variability and 0.97 (IC 95%: 0.94-0.99) for the inter-operator variability. Bland-Altman plots for intra-and interoperator variability were presented in Figure 3 .
Survival analysis and follow-up
Curves of survival analysis are presented in Figure 4 . During a 2-year follow-up, 58 patients (10%) died ( Figure 4A) . The 2-year survival was not significantly different (P = 0.86) between patients with moderate or severe AS ( Figure 4B ) with respectively, 10.5% and 9.9% of deaths. Figure 4C presents the 2-year survival according to flow/gradient 
Relation between longitudinal strain analysis and survival
An A4-C LS of -13.75% was found to be associated with mortality on the all population. The 2-year survival ( Figure 5 ) was significantly dif- ferent with higher mortality when A4-C LS was <j13.75j in all patients (92.7 vs. 80.2%; P = 0.001). Based on A4-C LS tertiles, we divided all patients in three subgroups. The proportion of deaths was as follows: tertile 1 (A4-C LS j17.5j; 13/195 (6.7%)), tertile 2 (A4-C LS j17.5j-j13.6j; 16/195 (8.2%)) and tertile 3 (A4-C LS < j13.6j; 29/192 (15.1%)). Figure 6 illustrates the survival curves of patients with AS stratified according to tertiles of A4-C LS. The 2-year survival remained ( Figure 5 ) significantly different and mortality being higher when A4-C LS was <j13.75j in patients with moderate AS (96.3 vs. 70%; P = 0.02) and in patients with severe AS (92.9 vs. 80.9%; P = 0.005). However, when considering flow/gradient classification (Figure 7) , the cut-off value of A4-C LS j13.75j was significantly associated with the mortality only for the subgroup of NF/HG and not in the others subgroups of severe AS. 
Association of A4-C LS with overall mortality in the study population
In univariate analysis: history of AF [hazard ratio (HR: 1.3 (0.54-2.96); P = 0.6], hypertension (HR: 1 (0.56-1.62); P = 0.9), diabetes mellitus (HR: 1 (0.57-1.9); P = 0.9), indexed LV mass (HR: 1 (0.99-1); P = 0.8), LF AS (HR: 1.6 (0.85-2.97); P = 0.2) were not associated with mortality. In multivariable Cox proportional hazards regression analysis: age, symptoms at baseline, surgery or TAVI during the follow-up, SPAP >50 mmHg and A4-C LS<j13.75j were independently associated with overall mortality ( Table 2) .
Discussion
Our study is a large series assessing the prognostic value of the A4-C longitudinal strain in AS, taking into account the flow/gradient Figure 6 Survival curves of the study population, separated on basis of A4-C LS tertiles. Abbreviations as in Figure 3 . Figure 7 Survival curves according to the apical four-chamber global longitudinal strain cut-off value of j13.75j% in patients with severe AS considering the flow/gradient classification. In A, for patients with NF/HG. In, B for patients with NF/LG. In C, for patients with LF/HG. In D, for patients with LF/LG. Abbreviations as in Figure 3 .
Apical four-chamber longitudinal strain in aortic stenosis classification. The main findings of the present study are: (i) Longitudinal dysfunction is more severe in severe than in moderate AS, in LF than in NF AS, and is the most severe in LF/LG AS; (ii) A4-C longitudinal strain is independently associated with overall survival in patients with AS; and (iii) a cut-off value of A4-C LS j13.75j is associated with mortality in patients with moderate and severe AS. However this cut-off value was associated with death only in the subgroup of NF/HG when consider the flow/gradient patterns in patients with severe AS.
Prognostic value of 2D strain in AS: previous studies and their limitations LV longitudinal contraction is early impaired in situations of highafterload, 4 that which explains a decreased absolute value of 2D-GLS as soon as mild AS exists, with a progressive stepwise impairment with increasing AS severity. 5, 9 Previous studies already showed a prognostic value of 2D longitudinal strain but present with some limitations, including: the small number of patients, 8, 10, 11 the inclusion of patients with low LVEF, 12, 13 or asymptomatic patients only with a combined end point, 8, 10 or symptomatic patients but focusing only on the prognosis after surgery. 12, 14 Kearney et al. 9 in 146 patients with 47% of mild or moderate AS and 53% of severe AS, showed an incremental prognostic value of longitudinal dysfunction over traditional risk markers. However, the sample size and follow-up duration were small, and the number of events was low, justifying studies of larger cohorts with longer follow-up duration to confirm their findings and identify the best LS threshold for prediction of adverse outcomes. 9 Degree of LV longitudinal dysfunction may vary between patients with different category of AS. 7 Using flow/gradient classification, patients with LF/LG AS have been shown to be associated with a severe degree of LV longitudinal dysfunction, 7 and the LF pattern to be associated with clinical events and all-cause mortality. [15] [16] [17] Kamperidis et al. 14 elegantly demonstrated that pre-specified -15% cut-off value of GLS and the flow pattern both influenced survival after surgery in a series of 134 patients with severe AS and LG.
In a larger population (n = 395) of moderate and severe AS with a longer follow-up (4.4 years), Kusunose et al. 18 confirmed the 2D GLS was an independent predictor of all-cause mortality. They found a 2D GLS <j12.1j% to be associated with significant reduced survival, but did not assess the prognostic value of LS according to flow pattern. Such a study was performed by Sato et al., 19 but their study included only 207 patients, with a mean follow-up of 399 days, with a very high proportion of LF/LG (n = 98) and a composite end points. 19 Finally, all these studies present with some limitations, and the other arguments to explain why current clinical practice guidelines still do not include 2D GLS in the management of patients with AS, are the limitations of global strain measurement itself. 3 Limitations of the usual 2D strain assessment
In most studies, the 2D-GLS was usually calculated as the average of LS of the four-and two-chamber apical-views, 6, 10 or also with the addition of the three-chamber apical-view. 13 However, echocardiographic acoustic window is limited in several patients with AS, 20 and studies had been performed in selected small population with adequate image quality. 21 Even in prospective and focused study, GLS is not feasible in all patients. 9 Moreover the accuracy of speckle tracking has never been clearly addressed in real-life population with frequent poor acoustic windows. Macron et al. 21 found an optimal acoustic window for strain analysis only in 60% of their patients. Particularly, inadequate image quality was frequent in anterior, inferior and anteseptal walls, and 27% of LV segments were not correctly visualized.
21
3D-GLS was proposed to improved strain analysis, 22, 23 but it has substantially lower spatial and temporal resolutions and remains dependent of the data on image quality. 24 Thus 3D-GLS is still controversial and their true value remains unknown.
24
A4-C longitudinal strain for assessing LV longitudinal function and association with outcome A-4C LS is an easy method with an excellent intra-and interobserver correlation for assessing LV systolic function, and is more strongly correlated with LVEF in healthy individuals compared with two-chamber or 2D-GLS. 25 This simplified method is not affected by lower quality of orthogonal views. In addition, in the subgroup of patients in whom GLS could be totally assessed, no statistical difference was found between GLS and A4-C LS values. Thus A4-C LS may be a method for assessing rapidly the LV longitudinal function. In our study, a more impaired A4-C LS was associated with more severe AS, as previously described by Ng et al. 5 with total 2D-GLS, but also with its prognosis. Age, symptoms at baseline, surgery or TAVI during the follow-up (protective effect), SPAP > 50 mmHg and A4-C GLS <j13.75j were associated with all-cause mortality by multivariable analysis. The optimal cut-off value associated with the 2-year survival was j13.75j%, close to that of the second largest cohort of the literature, 18 and close to the third tertile (<j13.6j%) of A4-C LS repartition which is also associated with an excess of mortality. This threshold was associated with prognosis only in patients with NF/HG, but not in other subgroups of severe AS, probably partly related to the small numbers of patients in NF/LG (P = 0.1) and LF/ HG (P = 0.1) subgroups. Nevertheless, in the LF/LG AS subgroup, the absence of association of A4-C GLS can be explained mainly by their lower LS values, and their worse overall prognosis as compared with other subgroups. This important finding suggest that this cut-off is adapted and predictor of all-cause mortality in only the standard population of NF/HG AS. In the others subgroups, the cut-off associated with bad outcome is probably lower in absolute value and specific of each subgroups.
Perspectives
In the future, risk stratification should take into account the flow/gradient status and the longitudinal function. A4-C LS may be an easy method to perform in large multi-centre prospective studies and in the real-life practice; more studies will determine the best cut-off for patients with severe AS and without a standard NF/HG. A4-C LS should facilitate the design and the application of a risk score for patients with AS.
Limitations of the present study
Although echocardiographic and clinical data were collected prospectively, outcome data were obtained by retrospective patient interview or by interview of theirs relatives or their physicians. Only A-4C LS was studied for the association with the mortality, without comparison with other apical views. The cut-off value determined in the present study should be applied in others independent cohorts of patients with AS to confirm the potential interest in the prediction of outcomes. Patients were not explored at the time of inclusion for coronary disease, thus the coronary status was unknown. This is a major limitation of the present study because coronary artery disease and myocardial infarction may have influenced the 2D-GLS, 24 and particularly when A-4C only LS measurement is performed. The A-4C LS may be more influenced by lack of wall motion abnormality or infarcted myocardium than GLS assessed in three or two apical views. Furthermore, few studies introduced recently the pattern of basal longitudinal strain as an added prognostic value than 2D-GLS. 8, 26 Data on exercise test, or natriuretic peptide level were not systematically collected, whereas previously described as prognostic markers. 3 No biological data were collected at the time of inclusion, thus renal function was not assessed, while renal failure may influence follow-up of patients independently of LV longitudinal myocardial function. A small but statistically significant variation among vendors should be considered in adapting and application a LS cut-off in general population and reflects a reference point for ongoing standardization efforts. 27 Recruitment of patients was performed in tertiary centres and may not reflect exactly the population of patient followed in other centres, some hidden biases could be present especially in the group of patients with moderate AS.
Conclusions
A4-C GLS is associated with death in a large cohort of patients with AS and preserved LVEF. However, this evaluation should take into account the flow/gradient status of these patients, since the cut-off value determined in this study is only associated with death in the subgroup of NF/HG in patients with severe AS. Management of patients with AS and preserved LVEF may use A4-C LS as a new and simple parameter of evaluation of LV function and prognosis. It should be used for prognostic stratification, besides other known prognostic factors. Our study confirms that both 2D strain and the classification in flow-gradient patterns are mandatory in the routine echocardiographic evaluation of patients with AS.
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